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Learn more at US Particle Accelerator School (USPAS)

Free Recorded Classes:

-EricPrebys6 onl i ne cour se:
rFundamentals of Accelerator Physicso
-Huang & |1 6s online cour se:

fVlechanics & Electromagnetism for Accelerator Physicso

Textbook:
MN Introduction to the Physics of High Enerqgy Acceleratorso
Syphers and Edwards

Sign up for Live USPAS classes: website

- Two-week full-time sessions every June and January.

- Equivalent to graduate-level college-semester course!

- January 2023 session will be back to in-person (deadline Sept 15)

| took many USPAS classes as a graduate student, and now | regularly
teach at USPAS.
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https://eprebys.faculty.ucdavis.edu/accelerator-physics-fundamentals-online-course/
https://uspas.fnal.gov/materials/21onlinetamu/TAMU-CMEM.shtml
https://www.amazon.com/Introduction-Physics-High-Energy-Accelerators/dp/0471551635
https://uspas.fnal.gov/programs/current-program/index.shtml

Simplified Particle Accelerator
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Dipole Magnets
for Bending

JE :
3¢ Fermilab
4 J. Eldred Accelerator Overview for FNAL CCI Program 8/25/2022



Maximum Dipole Field -> Maximum Proton Energy

Current

Lorentz Force:

—

F=elE+7 x B)

Bending Radius in a constant dipole field:

P <+—— particle momentum

Bp=~+-
/ P // € +—— particle charge
Dipole field \

Magnetic deflection

Bending radius Magnetic field into page
|

Total bending for a ring is always 2

Proton
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Maximum Proton Energy i LHC Example

The LHC has 1232 dipoles, each 15m long but effectively 14.3m long.

- 18.5 km of the 26.7 km circumference is dipole magnet.

-We say fAicircumferenceo ev-sdedpoigonugh t he
- 1232*14.3/2° = 2800 m magnetic bending radius | .

For a dipole field B of 7.7 T, we can calculate the equivalent energy:
- 2800*7.7 / 3.3357 = 6,500 GeV/c proton
- 6.5 TeV per beam

- 13 TeV colliding energy

To go to higher energy:

- dig a longer tunnel

- and/or build a better dipole magnet:
- superconductors have a critical
temp, critical field, critical current.
- manufacturing and reliability
are part of dipole design as well.
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LHC Superconducting Dipoles
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Radiation Loss -> Maximum Electron Energy

Circular electron colliders are limited instead by radiation.
Any relativistic charged particle will give off synchrotron radiation.

The magnitude of radiation is usually  negligible in hadron machines, but is a

dominant feature of electron machines. qz c 54,)/4 Relativistic b ofactors

- P = 5
6meq P~ «—— Bending radius

Power radiated 1

Physical constants

The maximum acceleration rate sets the maximum power loss.
For x2 the energy, the same power loss occurs at x4 the bending radius.
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RF Cauvities
for Acceleration
(and Synchronization)
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RF Accelerating Cavity

We use resonating radiofrequency (RF) cavities to efficiently trap an
electromagnetic wave which accelerates the beam.
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Change in Momentum

Fractional Momentum:; 5=" ; 2
0
RF Acc. Per Pass: AE = qV sin(¢)

Change Momentum per unit time:

_E _ g AE _f n%
po - 62E T‘e”U/B ’I"efvﬁzEO

sin(¢)

Sinesoidal potential:
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Phase-Slip Factor d

The arrival time of the particle depends on the momentum:

p o pO T _ TT‘E’U 1 aT
— =0 —0 = nd
Po Trev i Trev 00 "

)=

Higher momentum particles may arrive earlier or later than lower

momentum particles:
Momentum compaction factor:

_ L 10C 1 [ D(s)
-2 where, o, = = Efo ds

1 9T 19C 198 1
1 C a5 P

T Tewds  CO5 BOS A2

We can write the change in phase per unit time using the phase-

slip factor:
- AT AT
Cb — f?"e’UA(p — 27Tf’re’u_ — 27Tfrevh_ = QTffrevh’ﬂ(S
T?“f T ew
frf - hfrev
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Longitudinal Focusing

b = 27 frenhnd, 0 = frep——o B2E, sin(¢)
qV
¢ = 2w fl., T2E, hisin(¢)
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RF Acceleration

A fixed frequency beam longitudinally focuses the beam into a
sever al beam Abuncheso i n indivi

Particles in the bucket can be accelerated by adiabatically
changing the RF frequency, the other particles are lost.
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Quadrupole Magets
for Transverse Focusing
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Luminosity

Luminosity is proportional to the number of particle interactions in
colliding beams, which (to lowest order) is given by:
Particles per bunch \

IN1Ns5 fnyp «<— Rate of bunch crossin g
Luminosity =—> [* =~

471'03; Oy <—— Horz, Vert beam sizes

Luminosity benefits from achieving the highest possible particle density
In the beams, transversely and longitudinally.

Luminosity leveling, for pile-up limits and beam-beam effects

S - CcmMS
sl — ATLAS || <
= c
=3 =
S 5
-é 2
= 4l
| -
20 30 40
Time [h]
2% Fermilab

16 J. Eldred Transverse Dynamics Accelerators 8/26/2022



Quadrupole Magnets for Transverse Focusing

Quadrupole Magnet:

Current

Linear Restoring Force:

Alternating Focusing Magnets:
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